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Abstrat
Neutrino sattering on nuleons in the regime of deeply virtual kinematis is studied both
in the harged and the neutral eletroweak setors using a formalism developed by Blümlein,
Robashik, Geyer and Collaborators for the analysis of the Virtual Compton amplitude in
the generalized Bjorken region. We disuss the struture of the leading twist amplitudes of
the proess.
1 Introdution and Motivations
Exlusive proesses mediated by the weak fore are an area of investigation whih may gather a
wide interest in the forthoming years due to the various experimental proposals to detet neutrino
osillations at intermediate energy using neutrino fatories and superbeams [1℄. These proposals
require a study of the neutrino-nuleon interation over a wide range of energy starting from the
elasti/quasi-elasti domain up to the deep inelasti sattering (DIS) region (see [2℄,[3℄,[4℄,[5℄,[6℄
for an overall overview). However, the disussion of the neutrino nuleon interation has, so far,
been onned either to the DIS region or to the form fator/nuleon resonane region, while the
intermediate energy region, at this time, remains unexplored also theoretially. Clearly, to ahieve
a ontinuos desription of the underlying strong interation dynamis, from the resonant to the
perturbative regime, will require onsiderable eort, sine it is experimentally and theoretially
diult to disentangle a perturbative from a non-perturbative dynamis at intermediate energy,
whih appear to be superimposed. This is best exemplied - at least in the ase of eletromagneti
proesses, suh as Compton sattering - in the dependene of the intermediate energy desription
on the momentum transfer [7℄. In this respet, the interation of neutrinos with the onstituents
of the nuleon is no dierent, one the partoni struture of the target is resolved. From our
viewpoint, the presene of suh a gap in our knowledge well justies any attempt to improve the
urrent situation.
Together with Amore, we have pointed out [8℄ that exlusive proesses of DVCS-type (Deeply
Virtual Compton Sattering) ould be relevant also in the theoretial study of the exlusive neu-
trino/nuleon interation. Thanks to the presene of an on-shell photon emitted in the nal state,
this partile ould be tagged together with the reoiling nuleon in a large underground detetor
in order to trigger on the proess and exlude ontamination from other bakgrounds. With these
motivations, a study of the νN → νNγ proess has been performed in [8℄. The proess is mediated
by a neutral urrent and is partiularly lean sine there is no Bethe-Heitler ontribution. It has
been termed Deeply Virtual Neutrino Sattering or DVNS and requires in its partoni desription
the eletroweak analogue of the non-forward parton distributions, previously introdued in the
study of DVCS.
In this work we extend that analysis and provide, in part, a generalization of those results to
the harged urrent ase. Our treatment, here, is purposely short. The method that we use for
the study of the harged proesses is based on the formalism of the non-loal operator produt
expansion and the tehnique of the harmoni polynomials, whih allows to lassify the various
ontributions to the interation in terms of operators of a denite geometrial twist [11℄. We
present here a lassiation of the leading twist amplitudes of the harged proess while a detailed
phenomenologial analysis useful for future experimental searhes will be given elsewhere.
2 The Generalized Bjorken Region and DVCS
Fig. 1 illustrates the proess that we are going to study, where a neutrino of momentum l satters
o a nuleon of momentum P1 via a neutral or a harged urrent interation; from the nal state
a photon and a nuleon emerge, of momenta q2 and P2 respetively, while the momenta of the
nal lepton is l′. We reall that Compton sattering has been investigated in the near past by
several groups, sine the original works [14, 15, 17℄. A previous study of the Virtual Compton
proess in the generalized Bjorken region, of whih DVCS is just a partiular ase, an be found
in [16℄. From the hadroni side, the desription of the interation proeeds via new onstruts
of the parton model termed generalized parton distributions (GPD) or also non-forward parton
distributions. The kinematis for the study of GPD's is haraterized by a deep virtuality of the
exhanged photon in the initial interation (ν+p→ ν+p+γ) ( Q2 ≈ 2 GeV2), with the nal state
photon kept on-shell; large energy of the hadroni system (W 2 > 6 GeV2) above the resonane
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Figure 1: Leading hand-bag diagrams for the proess
domain and small momentum transfers |t| < 1 GeV2. In the eletroweak ase, photon emission
an our from the nal state eletron (in the ase of harged urrent interations) and provides
an additional ontribution to the virtual Compton amplitude. We hoose symmetri dening
momenta and use as independent variables the average of the hadron and gauge bosons momenta
P1,2 = P¯ ∓ ∆
2
q1,2 = q ± ∆
2
, (1)
with ∆ = P2 − P1 being the momentum transfer. Clearly
P¯ ·∆ = 0, P¯ 2 = M2 − ∆
2
4
(2)
and M is the nuleon mass. There are two saling variables whih are identied in the proess,
sine 3 salar produts an grow large in the generalized Bjorken limit: q2, ∆ · q, P¯ · q.
The momentum transfer ∆2 is a small parameter in the proess. Momentum asymmetries
between the initial and the nal state nuleon are measured by two saling parameters, ξ and η,
related to ratios of the former invariants
ξ = − q
2
2P¯ · q η =
∆ · q
2P¯ · q (3)
where ξ is a variable of Bjorken type, expressed in terms of average momenta rather than
nuleon and gauge bosons momenta. The standard Bjorken variable x = −q21/(2P1 · q1) is trivially
related to ξ in the t = 0 limit and in the DVCS ase η = −ξ.
Notie also that the parameter ξ measures the ratio between the plus omponent of the mo-
mentum transfer and the average momentum.
ξ, therefore, parametrizes the large omponent of the momentum transfer ∆, whih an be
generially desribed as
∆ = −2ξP¯ −∆⊥ (4)
where all the omponents of ∆⊥ are O
(√
|∆2|
)
.
3 Bethe-Heitler Contributions
Prior to embark on the disussion of the virtual Compton ontribution, we quote the result for
the Bethe-Heitler (BH) subproess, whih makes its rst appearane in the harged urrent ase,
sine a real photon an be radiated o the leg of the nal state lepton. The amplitude of the BH
ontribution for a W+ exhange is as follows
TW
+
BH = −|e|
g
2
√
2
g√
2
u(l′)
[
γµ
(l/ −∆/ )
(l −∆)2 + iǫγ
ν(1− γ5)
]
u(l)
Dνδ(q1)
∆2 −M2W + iǫ
ǫ∗µ(q2)×
2
U(P2)
[(
F u1 (∆
2)− F d1 (∆2)
)
γδ +
(
F u2 (∆
2)− F d2 (∆2)
)
i
σδα∆α
2M
]
U(P1),
(5)
where ǫ is the polarization vetor of the photon and
TW
−
BH = |e|
g
2
√
2
g√
2
v(l)
[
γµ
(l/ −∆/ )
(l −∆)2 + iǫγ
ν(1− γ5)
]
v(l′)
Dνδ(q1)
∆2 −M2W + iǫ
ǫ∗µ(q2)×
U(P2)
[(
F u1 (∆
2)− F d1 (∆2)
)
γδ +
(
F u2 (∆
2)− F d2 (∆2)
)
i
σδα∆α
2M
]
U(P1)
(6)
for theW− ase, with Dνδ(q1)/(∆
2 −M2W + iǫ) being the propagator of the W's and F1,2 the usual
nuleon form fators (see also [8℄).
4 Struture of the Compton amplitude for harged and neu-
tral urrents
Moving to the Compton amplitude for harged and neutral urrents, this an be expressed in
terms of the orrelator of urrents
Tµν = i
∫
d4xeiqx〈P2|T
(
Jγν (x/2)J
W±,Z0
µ (−x/2)
)
|P1〉 , (7)
where for the harged and neutral urrents we have the following expressions
JµZ0(−x/2) = g
2 cos θW
ψu(−x/2)γµ(gZuV + gZuAγ5)ψu(−x/2) + ψd(−x/2)γµ(gZdV + gZdAγ5)ψd(−x/2),
JµW
+
(−x/2) = g
2
√
2
ψu(−x/2)γµ(1− γ5)U∗udψd(−x/2),
JµW
−
(−x/2) = g
2
√
2
ψd(−x/2)γµ(1− γ5)Uduψu(−x/2),
Jν,γ(x/2) = ψd(x/2)γ
ν
(
−1
3
e
)
ψd(x/2) + ψu(x/2)γ
ν
(
2
3
e
)
ψu(x/2) . (8)
Here we have hosen a simple representation of the avour mixing matrix U∗ud = Uud = Udu =
cos θC , where θC is the Cabibbo angle.
The oeients gZV and g
Z
A are
gZuV =
1
2
+
4
3
sin2 θW g
Z
uA = −
1
2
gZdV = −
1
2
+
2
3
sin2 θW g
Z
dA =
1
2
, (9)
and
gu =
2
3
, gd =
1
3
(10)
are the absolute values of the harges of the up and down quarks in units of the eletron harge.
A short omputation gives
〈P2|T
(
Jγν (x/2)J
Z0
µ (−x/2)
)
|P1〉 =
〈P2|ψu(x/2)guγνS(x)γµ(gZuV + gZuAγ5)ψu(−x/2)−
3
ψd(x/2)gdγνS(x)γµ(g
Z
dV + g
Z
dAγ
5)ψd(−x/2) +
ψu(x/2)γµ(g
Z
uV + g
Z
uAγ
5)S(−x)guγνψu(x/2)−
ψd(x/2)γµ(g
Z
dV + g
Z
dAγ
5)S(−x)gdγνψd(x/2)|P1〉,
(11)
〈P2|T
(
Jγν (x/2)J
W+
µ (−x/2)
)
|P1〉 =
〈P2|ψu(−x/2)γµ(1− γ5)UudS(−x)γν (−gd)ψd(x/2) +
ψu(x/2)γν (gu)S(x)γµ(1− γ5)Uudψd(−x/2)|P1〉,
(12)
〈P2|T
(
Jγν (x/2)J
W−
µ (−x/2)
)
|P1〉 =
〈P2| − ψd(x/2)gdγνS(x)γµ(1− γ5)Uduψu(−x/2) +
ψd(−x/2)γµ(1− γ5)S(−x)Uduψu(x/2)|P1〉 , (13)
where all the fators g/2
√
2 and g/2 cos θW , for sempliity, have been suppressed and we have
dened
Su(x) = Sd(x) ≈ i/x
2π2(x2 − iǫ)2 . (14)
Using the following identities
γµγαγν = Sµανβγ
β + iǫµανβγ
5γβ ,
γµγαγνγ
5 = Sµανβγ
βγ5 − iǫµανβγβ ,
Sµανβ = (gµαgνβ + gναgµβ − gµνgαβ) , (15)
we rewrite the orrelators as
TZ0µν = i
∫
d4x
eiqxxα
2π2(x2 − iǫ)2 〈P2|
[
guguV
(
SµανβO
β
u − iǫµανβO5βu
)
− guguA
(
SµανβO˜
5β
u − iǫµανβO˜βu
)
−gdgdV
(
SµανβO
β
d − iǫµανβO5βd
)
+ gdgdA
(
SµανβO˜
5β
d − iǫµανβO˜βd
)]
|P1〉,
(16)
TW
+
µν = i
∫
d4x
eiqxxαUud
2π2(x2 − iǫ)2 〈P2|
[
iSµανβ
(
O˜βud +O
5β
ud
)
+ ǫµανβ
(
Oβud + O˜
5β
ud
)]
|P1〉,
(17)
TW
−
µν = i
∫
d4x
eiqxxαUdu
2π2(x2 − iǫ)2 〈P2|
[
−iSµανβ
(
O˜βdu +O
5β
du
)
− ǫµανβ
(
Oβdu + O˜
5β
du
)]
|P1〉 .
(18)
We have suppressed the x-dependene of the operators in the former equations. The relevant
operators are denoted by
O˜βa (x/2,−x/2) = ψa(x/2)γβψa(−x/2) + ψa(−x/2)γβψa(x/2),
O˜5βa (x/2,−x/2) = ψa(x/2)γ5γβψa(−x/2)− ψa(−x/2)γ5γβψa(x/2),
Oβa (x/2,−x/2) = ψa(x/2)γβψa(−x/2)− ψa(−x/2)γβψa(x/2),
O5βa (x/2,−x/2) = ψa(x/2)γ5γβψa(−x/2) + ψa(−x/2)γ5γβψa(x/2),
(19)
O˜βud(x/2,−x/2) = guψu(x/2)γβψd(−x/2) + gdψu(−x/2)γβψd(x/2),
O˜5βud(x/2,−x/2) = guψu(x/2)γ5γβψd(−x/2)− gdψu(−x/2)γ5γβψd(x/2),
4
Oβud(x/2,−x/2) = guψu(x/2)γβψd(−x/2)− gdψu(−x/2)γβψd(x/2),
O5βud(x/2,−x/2) = guψu(x/2)γ5γβψd(−x/2) + gdψu(−x/2)γ5γβψd(x/2),
(20)
and similar ones with u↔ d interhanged.
We use isospin symmetry to relate avour nondiagonal operators (Oˆff ′) to avour diagonal
ones (Oˆff)
〈p|Oˆud(x)|n〉 = 〈p|Oˆud(x)τ−|n〉 = 〈p|
[
Oˆud(x), τ−
]
|n〉 = 〈p|Oˆuu(x)|p〉 − 〈p|Oˆdd(x)|p〉 ,
〈p|Oˆud(x)|n〉 = 〈n|Oˆdd(x)|n〉 − 〈n|Oˆuu(x)|n〉 ,
〈n|Oˆdu(x)|p〉 = 〈p|Oˆuu(x)|p〉 − 〈p|Oˆdd(x)|p〉 ,
〈n|Oˆdu(x)|p〉 = 〈n|Oˆdd(x)|n〉 − 〈n|Oˆuu(x)|n〉, (21)
where
τ± = τx ± τ y (22)
are isospin raising/lowering operators expressed in terms of Pauli matries.
5 Parameterization of nonforward matrix elements
The extration of the leading twist ontribution to the handbag diagram is performed using the
geometrial twist expansion, as developed in [10, 12, 13℄, adapted to our ase. We set the twist-2
expansions on the light one (with x2 = 0) and we hoose the light-one gauge to remove the
gauge link
〈P2|ψa(−kx)γµψa(kx)|P1〉tw.2 =∫
Dze−ik(x·Pz)F a(ν)(z1, z2, Pi · Pjx2, Pi · Pj)U(P2) [γµ − ikPzµx/ ]U(P1) +
∫
Dze−ik(x·Pz)Ga(ν)(z1, z2, Pi · Pjx2, Pi · Pj)U(P2)

(iσµα∆α)
M
− ikPzµ
(
iσαβxα∆β
)
M

U(P1) ,
(23)
with 0 < k < 1 a salar parameter, with
Pz = P1z1 + P2z2, (24)
and
〈P2|ψa(−kx)γ5γµψa(kx)|P1〉tw.2 =∫
Dze−ik(x·Pz)F 5a(ν)(z1, z2, Pi · Pjx2, Pi · Pj)U(P2)
[
γ5γµ − ikPzµγ5x/
]
U(P1) +
∫
Dze−ik(x·Pz)G5a(ν)(z1, z2, Pi · Pjx2, Pi · Pj)U(P2)γ5

(iσµα∆α)
M
− ikPzµ
(
iσαβxα∆β
)
M

U(P1).
(25)
The index (ν) in the expressions of the distribution funtions F,G has been introdued in order
to distinguish them from the parameterization given in [10, 16℄, whih are related to linear ombi-
nations of eletromagneti orrelators. In the expressions above a is a avour index and we have
5
introdued both a vetor (Dira) and a Pauli-type form fator ontribution with nuleon wave
funtions (U(P)). The produt Pi · Pj denotes all the possible produts of the two momenta P1
and P2, and the measure of integration is dened by [10℄
Dz =
1
2
dz1dz2 θ(1− z1) θ(1 + z1) θ(1− z2) θ(1 + z2). (26)
In our parameterization of the orrelators we are omitting the so alled trae-terms (see
ref. [16℄), sine these terms vanish on shell. In order to arrive at a partoni interpretation one
introdues variables z+ and z− onjugated to 2P¯ and ∆ and dened as
z+ = 1/2(z1 + z2),
z− = 1/2(z2 − z1),
Dz = dz+dz−θ(1 + z+ + z−)θ(1 + z+ − z−)θ(1− z+ + z−)θ(1− z+ − z−). (27)
In terms of these new variables Pz = 2P¯ z+ +∆z−, whih will be used below.
At this stage, we an proeed to alulate the hadroni tensor by performing the x-spae
integrations. This will be illustrated in the ase of the W+ urrent, the others being similar. We
dene
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|SµανβO˜
aβ|P1〉 = S˜aµν ,
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|SµανβO
5aβ|P1〉 = S5aµν ,
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|ǫµανβO
aβ|P1〉 = εaµν ,
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|ǫµανβO˜
5aβ|P1〉 = ε˜5aµν , (28)
and introdue the variables
Qα1 (z) = q
α +
1
2
P αz ,
Qα2 (z) = q
α − 1
2
P αz , (29)
where (z) is now meant to denote both variables (z+, z−). The presene of a new variable Q2,
ompared to [10℄, is related to the fat that we are parameterizing eah single bilinear ovariant
rather then linear ombinations of them, as in the eletromagneti ase.
After some re-arrangements we get
S˜aµν = gu
∫
Dz
F a(ν)(z)
(Q21 + iǫ)
{
[−gµνq/ + qνγµ + qµγν ] +
[
Pzµγν + Pzνγµ
]
− q/
(Q21 + iǫ)
[
PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
+
gd
∫
Dz
F a(ν)(z)
(Q22 + iǫ)
{
[−gµνq/ + qνγµ + qµγν ]−
[
Pzµγν + Pzνγµ
]
+
q/
(Q22 + iǫ)
[
−PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
+
gu
∫
Dz
Ga(ν)(z)
(Q21 + iǫ)
{[
−gµν iσ
αβqα∆β
M
+ qν
iσµβ∆β
M
+ qµ
iσνβ∆β
M
]
+
[
Pzµ
iσνβ∆β
M
+ Pzν
iσµβ∆β
M
]
6
− iσ
αβqα∆β
M(Q21 + iǫ)
[
PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
+
gd
∫
Dz
Ga(ν)(z)
(Q22 + iǫ)
{[
−gµν iσ
αβqα∆β
M
+ qν
iσµβ∆β
M
+ qµ
iσνβ∆β
M
]
−
[
Pzµ
iσνβ∆β
M
+ Pzν
iσµβ∆β
M
]
+
iσαβqα∆β
M(Q22 + iǫ)
[
−PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
,
(30)
with an analogous expressions for S5aµν , that we omit, sine it an be reovered by performing the
substitutions
γµ → γ5γµ σµν → γ5σµν ,
F a(ν), Ga(ν) → F 5a(ν), G5a(ν) (31)
in (30).
Similarly, for εaµν we get
εaµν = gu
∫
DzF a(ν)(z)
{
1
(Q21 + iǫ)
ǫµανβ
[
qαγβ − P
β
z q
αq/
(Q21 + iǫ)
]}
−
gd
∫
DzF a(ν)(z)
{
1
(Q22 + iǫ)
ǫµανβ
[
qαγβ +
P βz q
αq/
(Q22 + iǫ)
]}
+
gu
∫
DzGa(ν)(z)
{
1
(Q21 + iǫ)
ǫµανβ
[
qα
iσβδ∆δ
M
− P
β
z q
α(iσλδqλ∆δ)
M (Q21 + iǫ)
]}
−
gd
∫
DzGa(ν)(z)
{
1
(Q22 + iǫ)
ǫµανβ
[
qα
iσβδ∆δ
M
+
P βz q
α(iσλδqλ∆δ)
M (Q22 + iǫ)
]}
. (32)
The expression of ε˜5aµν an be obtained in a similar way.
To ompute the TZ0µν tensor we need to inlude the following operators, whih are related to
the previous ones by gu , gd → 1
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|SµανβO
aβ|P1〉 = Saµν ,
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|SµανβO˜
5aβ|P1〉 = S˜5aµν ,
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|ǫµανβO˜
aβ|P1〉 = ε˜aµν ,
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|ǫµανβO
5aβ|P1〉 = ε5aµν . (33)
In this ase a simple manipulation of (30) gives
Saµν =
∫
Dz
F a(ν)(z)
(Q21 + iǫ)
{
[−gµνq/ + qνγµ + qµγν ] +
[
Pzµγν + Pzνγµ
]
− q/
(Q21 + iǫ)
[
PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
−
∫
Dz
F a(ν)(z)
(Q22 + iǫ)
{
[−gµνq/ + qνγµ + qµγν ]−
[
Pzµγν + Pzνγµ
]
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+
q/
(Q22 + iǫ)
[
−PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
+
∫
Dz
Ga(ν)(z)
(Q21 + iǫ)
{[
−gµν iσ
αβqα∆β
M
+ qν
iσµβ∆β
M
+ qµ
iσνβ∆β
M
]
+
[
Pzµ
iσνβ∆β
M
+ Pzν
iσµβ∆β
M
]
− iσ
αβqα∆β
M(Q21 + iǫ)
[
PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
−
∫
Dz
Ga(ν)(z)
(Q22 + iǫ)
{[
−gµν iσ
αβqα∆β
M
+ qν
iσµβ∆β
M
+ qµ
iσνβ∆β
M
]
−
[
Pzµ
iσνβ∆β
M
+ Pzν
iσµβ∆β
M
]
+
iσαβqα∆β
M(Q22 + iǫ)
[
−PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
.
(34)
The expression of S˜5aµν is obtained from (34) by the replaements (31).
For the ε˜aµν ase, a re-arrangement of (32) gives
ε˜aµν =
∫
DzF a(ν)(z)
{
1
(Q21 + iǫ)
ǫµανβ
[
qαγβ − P
β
z q
αq/
(Q21 + iǫ)
]}
+
∫
DzF a(ν)(z)
{
1
(Q22 + iǫ)
ǫµανβ
[
qαγβ +
P βz q
αq/
(Q22 + iǫ)
]}
+
∫
DzGa(ν)(z)
{
1
(Q21 + iǫ)
ǫµανβ
[
qα
iσβδ∆δ
M
− P
β
z q
α(iσλδqλ∆δ)
M (Q21 + iǫ)
]}
+
∫
DzGa(ν)(z)
{
1
(Q22 + iǫ)
ǫµανβ
[
qα
iσβδ∆δ
M
+
P βz q
α(iσλδqλ∆δ)
M (Q22 + iǫ)
]}
. (35)
Also in this ase, the expression of the ε5aµν tensor is obtained by the replaements (31).
6 The partoni interpretation
At a rst sight, the funtions F (ν), G(ν), F 5(ν), G5(ν) do not have a simple partoni interpretation.
To progress in this diretion it is useful to perform the expansions of the propagators
1
Q21 + iǫ
≈ 1
2(P¯ · q)
1
[z+ − ξ + ηz− + iǫ] ,
1
Q22 + iǫ
≈ − 1
2(P¯ · q)
1
[z+ + ξ + ηz− − iǫ] (36)
whih are valid only in the asymptoti limit. In this limit only the large kinematial invariants
and their (nite) ratios are kept. In this expansion the physial saling variable ξ appears quite
naturally and one is led to introdue a new linear ombination
t = z+ + ηz− , (37)
to obtain
1
Q21 + iǫ
≈ 1
2(P¯ · q)
1
[t− ξ + iǫ] ,
1
Q22 + iǫ
≈ − 1
2(P¯ · q)
1
[t+ ξ − iǫ] . (38)
Analogously, we rewrite Pz using the variables {t, z−}
Pz = 2P¯ t+ πz− , (39)
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in terms of a new 4-vetor, denoted by π, whih is a diret measure of the exhange of transverse
momentum with respet to P¯
π = ∆+ 2ξP¯ . (40)
This quantity is stritly related to ∆⊥, as given in (4). The dominant (large) omponents of
the proess are related to the ollinear ontributions, and in our alulation the ontributions
proportional to the vetor π will be negleted. This, of ourse, introdues a violation of the
transversality of the proess of O(∆⊥/2P¯ · q).
Adopting the new variables {t, z−} and the onjugate ones
{
P¯ , π
}
, the relevant integrals that
we need to redue to a single (partoni) variable are ontained in the expressions
HQ1(ξ) =
∫
dz+dz−
H(z+, z−)
(Q21 + iǫ)
=
1
2P¯ · q
∫
Dz
H(t + ξz−, z−)
(t− ξ + iǫ)
HµQ1(ξ) =
∫
dz+dz−
H(z+, z−)
(Q21 + iǫ)
[
2P¯ µz+ +∆
µz−
]
=
1
2P¯ · q
∫
Dz
H(t+ ξz−, z−)
(t− ξ + iǫ)
[
2P¯ µt+ πµz−
]
HµνQ1(ξ) =
∫
dz+dz−
H(z+, z−)
(Q21 + iǫ)
2
[P µz P
ν
z + q
µP νz + q
νP µz − gµνq · Pz]
=
1
(2P¯ · q)2
∫
Dz
H(t+ ξz−, z−)
(t− ξ + iǫ)2
[
4P¯ µP¯ νt2 +
(
2qµP¯ ν + 2qνP¯ µ
)
t− gµν(q · Pz)
+πµπνz2
−
+ (qµπν + qνπµ) z− +
(
2P¯ µπν + 2P¯ νπµ
)
tz−
]
.
(41)
Here H(z+, z−) is a generi symbol for any of the funtions. We have similar expressions for the
integrals depending on the momenta Q2.
The integration over the z− variable in the integrals shown above is performed by introduing
a suitable spetral representation of the funtion H(t,+ξz−, z−). As shown in [10℄, we an lassify
these representations by the n = 0, 1, ..., powers of the variable z− ,
hˆn(t/τ, ξ) =
∫
dz−z−
nhˆ(
t
τ
+ ξz−, z−). (42)
With the help of this relation one obtains
Hˆn(t, ξ) =
1
tn
∫
dz−z−
nH(t+ ξz−, z−) =
1
tn
∫ 1
0
dτ
τ
τn hˆn(t/τ, ξ)
=
∫ sign(t)
t
dλ
λ
λ−nhˆn(λ, ξ) . (43)
The result of this manipulation is to generate single-valued distribution amplitudes from double-
valued ones. In the single-valued distributions hˆn(t, ξ) the new saling variables t and ξ have a
partoni interpretation. ξ measures the asymmetry between the momenta of the initial and nal
states, while it an be heked that the support of the variable t is the interval [−1, 1]. The twist-2
part of the Compton amplitude is related only to the n = 0 moment of z−. Before performing the
z− integration in eah integral of Eq. (41) using Eq. (43) - a typial example is H
µν
Q1
(ξ) - we redue
suh integrals to the sum of two terms using the identity
∫ 1
−1
dt
tm
(t± ξ ∓ iǫ)2 Hˆn(t, ξ) =
∫ 1
−1
dt
tm−1
(t± ξ ∓ iǫ)
[
Hˆn(t, ξ)− 1
tn
hˆn(t, ξ)
]
. (44)
As shown in [16℄, after the z− integration, the integrals in (41) an be re-written in the form
HQ1(ξ) =
1
2P¯ · q
∫ 1
−1
dt
Hˆ0(t, ξ)
(t− ξ + iǫ) ,
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HµQ1(ξ) =
2P¯ µ
2P¯ · q
∫ 1
−1
dt
tHˆ0(t, ξ)
(t− ξ + iǫ) +O(π
µ),
HµνQ1(ξ) =
1
(2P¯ · q)2
∫ 1
−1
dt
[
2Hˆ0(t, ξ)− hˆ0(t, ξ)
]
(t− ξ + iǫ) 4P¯
µP¯ νt
+
1
(2P¯ · q)2
∫ 1
−1
dt
[
Hˆ0(t, ξ)− hˆ0(t, ξ)
]
(t− ξ + iǫ)
{
(2qµP¯ ν + 2qνP¯ µ − gµν2q · P¯ )
}
+O(πµπν),
(45)
where, again, we are negleting ontributions from the terms proportional to πµ, subleading in
the deeply virtual limit. The quantities that atually have a strit partoni interpretation are the
hˆa0(t, ξ) funtions, as argued in ref. [19℄. The identiation of the leading twist ontributions is
performed exatly as in [10℄. We use a suitable form of the polarization vetors (for the gauge
bosons) to generate the heliity omponents of the amplitudes and perform the asymptoti (DVCS)
limit in order to identify the leading terms. Terms of O(1/
√
2P¯ · q) are suppressed and are not
kept into aount. Below we will show only the tensor strutures whih survive after this limit.
7 Organizing the Compton amplitudes
In order to give a more ompat expression for the amplitudes of our proesses we dene
gTµν = −gµν + q
µP¯ ν
(q · P¯ ) +
qνP¯ µ
(q · P¯ ) ,
α(t) =
gu
(t− ξ + iǫ) −
gd
(t+ ξ − iǫ) ,
β(t) =
gu
(t− ξ + iǫ) +
gd
(t+ ξ − iǫ) .
(46)
Calulating all the integrals in the Eqs. (30), (34) and (32), (35), we rewrite the expressions of
the amplitudes as follows
TW
+
µν = iUudU(P2)
[
i
(
S˜uµν + S
5u
µν
)
+ εuµν + ε˜
5u
µν − i
(
S˜dµν + S
5d
µν
)
− εdµν − ε˜5dµν
]
U(P1) ,
TW
−
µν = −iUduU(P2)
[
i
(
S˜uµν + S
5u
µν
)
+ εuµν + ε˜
5u
µν − i
(
S˜dµν + S
5d
µν
)
− εdµν − ε˜5dµν
]
gu→gd
U(P1) ,
TZ0µν = i U(P2)
[
guguV
(
Suµν − iε5uµν
)
− guguA
(
S˜5uµν − iε˜uµν
)
−gdgdV
(
Sdµν − iε5dµν
)
+ gdgdA
(
S˜5dµν − iε˜dµν
)]
U(P1) , (47)
where, suppressing all the subleading terms in the tensor strutures, we get
U(P2)S˜
aµνU(P1) =
∫ 1
−1
dt α(t)
gTµν
2P¯ · q
[
U(P2)q/ U(P1)fˆ
a
0 (t, ξ) + U(P2)(i
σαβqα∆β
M
)U(P1)gˆ
a
0(t, ξ)
]
+
∫ 1
−1
dt β(t)
P¯ µP¯ ν
(P¯ · q)2
[
U(P2)q/ U(P1)tfˆ
a
0 (t, ξ) + U(P2)(i
σαβqα∆β
M
)U(P1)tgˆ
a
0(t, ξ)
]
(48)
while for the εaµν expression we obtain
U(P2)ε
aµνU(P1) = ǫ
µανβ 2qαP¯β
(2P¯ · q)2
∫ 1
−1
dt β(t)
[
U(P2)q/ U(P1)fˆ
a
0 (t, ξ) +
U(P2)(i
σαβqα∆β
M
)U(P1)gˆ
a
0(t, ξ)
]
. (49)
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Passing to the Saµν and ε˜aµν tensors, whih appear in the Z0 neutral urrent exhange, we get the
following formulas
U(P2)S
aµνU(P1) =
∫ 1
−1
dt
(
1
t− ξ + iǫ +
1
t+ ξ − iǫ
)
×
{
gTµν
2P¯ · q
[
U(P2)q/ U(P1)fˆ
a
0 (t, ξ) + U(P2)(i
σαβqα∆β
M
)U(P1)gˆ
a
0(t, ξ)
]}
+
∫ 1
−1
dt
(
1
t− ξ + iǫ −
1
t+ ξ − iǫ
)
· P¯
µP¯ ν
(P¯ · q)2
[
U(P2)q/ U(P1)tfˆ
a
0 (t, ξ) + U(P2)(i
σαβqα∆β
M
)U(P1)tgˆ
a
0(t, ξ)
]
(50)
U(P2)ε˜
aµνU(P1) =
∫ 1
−1
dt
(
1
t− ξ + iǫ −
1
t + ξ − iǫ
)
ǫµανβ
2qαP¯β
(2P¯ · q)2 ×{[
U(P2)q/ U(P1)fˆ
a
0 (t, ξ) + U(P2)(i
σαβqα∆β
M
)U(P1)gˆ
a
0(t, ξ)
]}
.
(51)
Obviously the S˜a 5µν , Sa 5µν , ε˜a 5µν and εa5µν expressions are obtained by the substitution (31).
At this stage, to square the amplitude, we need to alulate the following quantity, separately
for the two harged proesses
T 2 = |TDV NS|2 + TDV NST ∗BH + TBHT ∗DV NS + |TBH |2 , (52)
whih simplies in the neutral ase, sine it redues |TDV NS|2 [8℄. Eqs. (47)-(51) and their axial
ounterparts are our nal result and provide a desription of the deeply virtual amplitude in
the eletroweak setor for harged and neutral urrents. The result an be expressed in terms
of a small set of parton distribution funtions whih an be easily related to generalized parton
distributions, as in standard DVCS.
8 Conlusions
We have presented an appliation/extension of a method, whih has been formulated in the past
for the identiation of the leading twist ontributions to the parton amplitude in the generalized
Bjorken region, to the eletroweak ase. We have onsidered the speial ase of a deeply virtual
kinematis. We have foused our attention on proesses initiated by neutrinos. From the the-
oretial and experimental viewpoints the study of these proesses is of interest, sine very little
is known of the neutrino interation at intermediate energy in these more omplex kinematial
domains.
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e, Italy
Abstrat
Neutrino sattering on nuleons in the regime of deeply virtual kinematis is studied both
in the harged and the neutral eletroweak setors using a formalism developed by Blümlein,
Robashik, Geyer and Collaborators for the analysis of the Virtual Compton amplitude in
the generalized Bjorken region. We disuss the struture of the leading twist amplitudes of
the proess.
1 Introdution and Motivations
Exlusive proesses mediated by the weak fore are an area of investigation whih may gather a
wide interest in the forthoming years due to the various experimental proposals to detet neutrino
osillations at intermediate energy using neutrino fatories and superbeams [1℄. These proposals
require a study of the neutrino-nuleon interation over a wide range of energy starting from the
elasti/quasi-elasti domain up to the deep inelasti sattering (DIS) region (see [2℄,[3℄,[4℄,[5℄,[6℄
for an overall overview). However, the disussion of the neutrino nuleon interation has, so far,
been onned either to the DIS region or to the form fator/nuleon resonane region, while the
intermediate energy region, at this time, remains unexplored also theoretially. Clearly, to ahieve
a ontinuos desription of the underlying strong interation dynamis, from the resonant to the
perturbative regime, will require onsiderable eort, sine it is experimentally and theoretially
diult to disentangle a perturbative from a non-perturbative dynamis at intermediate energy,
whih appear to be superimposed. This is best exemplied - at least in the ase of eletromagneti
proesses, suh as Compton sattering - in the dependene of the intermediate energy desription
on the momentum transfer [7℄. In this respet, the interation of neutrinos with the onstituents
of the nuleon is no dierent, one the partoni struture of the target is resolved. From our
viewpoint, the presene of suh a gap in our knowledge well justies any attempt to improve the
urrent situation.
Together with Amore, we have pointed out [8℄ that exlusive proesses of DVCS-type (Deeply
Virtual Compton Sattering) ould be relevant also in the theoretial study of the exlusive neu-
trino/nuleon interation. Thanks to the presene of an on-shell photon emitted in the nal state,
this partile ould be tagged together with the reoiling nuleon in a large underground detetor
in order to trigger on the proess and exlude ontamination from other bakgrounds. With these
motivations, a study of the νN → νNγ proess has been performed in [8℄. The proess is mediated
by a neutral urrent and is partiularly lean sine there is no Bethe-Heitler ontribution. It has
been termed Deeply Virtual Neutrino Sattering or DVNS and requires in its partoni desription
the eletroweak analogue of the non-forward parton distributions, previously introdued in the
study of DVCS.
In this work we extend that analysis and provide, in part, a generalization of those results to
the harged urrent ase. Our treatment, here, is purposely short. The method that we use for
the study of the harged proesses is based on the formalism of the non-loal operator produt
expansion and the tehnique of the harmoni polynomials, whih allows to lassify the various
ontributions to the interation in terms of operators of a denite geometrial twist [11℄. We
present here a lassiation of the leading twist amplitudes of the harged proess while a detailed
phenomenologial analysis useful for future experimental searhes will be given elsewhere.
2 The Generalized Bjorken Region and DVCS
Fig. 1 illustrates the proess that we are going to study, where a neutrino of momentum l satters
o a nuleon of momentum P1 via a neutral or a harged urrent interation; from the nal state
a photon and a nuleon emerge, of momenta q2 and P2 respetively, while the momenta of the
nal lepton is l′. We reall that Compton sattering has been investigated in the near past by
several groups, sine the original works [14, 15, 17℄. A previous study of the Virtual Compton
proess in the generalized Bjorken region, of whih DVCS is just a partiular ase, an be found
in [16℄. From the hadroni side, the desription of the interation proeeds via new onstruts
of the parton model termed generalized parton distributions (GPD) or also non-forward parton
distributions. The kinematis for the study of GPD's is haraterized by a deep virtuality of the
exhanged photon in the initial interation (ν+p→ ν+p+γ) ( Q2 ≈ 2 GeV2), with the nal state
photon kept on-shell; large energy of the hadroni system (W 2 > 6 GeV2) above the resonane
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Figure 1: Leading hand-bag diagrams for the proess
domain and small momentum transfers |t| < 1 GeV2. In the eletroweak ase, photon emission
an our from the nal state eletron (in the ase of harged urrent interations) and provides
an additional ontribution to the virtual Compton amplitude. We hoose symmetri dening
momenta and use as independent variables the average of the hadron and gauge bosons momenta
P1,2 = P¯ ∓ ∆
2
q1,2 = q ± ∆
2
, (1)
with ∆ = P2 − P1 being the momentum transfer. Clearly
P¯ ·∆ = 0, P¯ 2 = M2 − ∆
2
4
(2)
and M is the nuleon mass. There are two saling variables whih are identied in the proess,
sine 3 salar produts an grow large in the generalized Bjorken limit: q2, ∆ · q, P¯ · q.
The momentum transfer ∆2 is a small parameter in the proess. Momentum asymmetries
between the initial and the nal state nuleon are measured by two saling parameters, ξ and η,
related to ratios of the former invariants
ξ = − q
2
2P¯ · q η =
∆ · q
2P¯ · q (3)
where ξ is a variable of Bjorken type, expressed in terms of average momenta rather than
nuleon and gauge bosons momenta. The standard Bjorken variable x = −q21/(2P1 · q1) is trivially
related to ξ in the t = 0 limit and in the DVCS ase η = −ξ.
Notie also that the parameter ξ measures the ratio between the plus omponent of the mo-
mentum transfer and the average momentum.
ξ, therefore, parametrizes the large omponent of the momentum transfer ∆, whih an be
generially desribed as
∆ = −2ξP¯ −∆⊥ (4)
where all the omponents of ∆⊥ are O
(√
|∆2|
)
.
3 Bethe-Heitler Contributions
Prior to embark on the disussion of the virtual Compton ontribution, we quote the result for
the Bethe-Heitler (BH) subproess, whih makes its rst appearane in the harged urrent ase,
sine a real photon an be radiated o the leg of the nal state lepton. The amplitude of the BH
ontribution for a W+ exhange is as follows
TW
+
BH = −|e|
g
2
√
2
g√
2
u(l′)
[
γµ
(l/ −∆/ )
(l −∆)2 + iǫγ
ν(1− γ5)
]
u(l)
Dνδ(q1)
∆2 −M2W + iǫ
ǫ∗µ(q2)×
2
U(P2)
[(
F u1 (∆
2)− F d1 (∆2)
)
γδ +
(
F u2 (∆
2)− F d2 (∆2)
)
i
σδα∆α
2M
]
U(P1),
(5)
where ǫ is the polarization vetor of the photon and
TW
−
BH = |e|
g
2
√
2
g√
2
v(l)
[
γµ
(l/ −∆/ )
(l −∆)2 + iǫγ
ν(1− γ5)
]
v(l′)
Dνδ(q1)
∆2 −M2W + iǫ
ǫ∗µ(q2)×
U(P2)
[(
F u1 (∆
2)− F d1 (∆2)
)
γδ +
(
F u2 (∆
2)− F d2 (∆2)
)
i
σδα∆α
2M
]
U(P1)
(6)
for theW− ase, with Dνδ(q1)/(∆
2 −M2W + iǫ) being the propagator of the W's and F1,2 the usual
nuleon form fators (see also [8℄).
4 Struture of the Compton amplitude for harged and neu-
tral urrents
Moving to the Compton amplitude for harged and neutral urrents, this an be expressed in
terms of the orrelator of urrents
Tµν = i
∫
d4xeiqx〈P2|T
(
Jγν (x/2)J
W±,Z0
µ (−x/2)
)
|P1〉 , (7)
where for the harged and neutral urrents we have the following expressions
JµZ0(−x/2) = g
2 cos θW
ψu(−x/2)γµ(gZuV + gZuAγ5)ψu(−x/2) + ψd(−x/2)γµ(gZdV + gZdAγ5)ψd(−x/2),
JµW
+
(−x/2) = g
2
√
2
ψu(−x/2)γµ(1− γ5)U∗udψd(−x/2),
JµW
−
(−x/2) = g
2
√
2
ψd(−x/2)γµ(1− γ5)Uduψu(−x/2),
Jν,γ(x/2) = ψd(x/2)γ
ν
(
−1
3
e
)
ψd(x/2) + ψu(x/2)γ
ν
(
2
3
e
)
ψu(x/2) . (8)
Here we have hosen a simple representation of the avour mixing matrix U∗ud = Uud = Udu =
cos θC , where θC is the Cabibbo angle.
The oeients gZV and g
Z
A are
gZuV =
1
2
+
4
3
sin2 θW g
Z
uA = −
1
2
gZdV = −
1
2
+
2
3
sin2 θW g
Z
dA =
1
2
, (9)
and
gu =
2
3
, gd =
1
3
(10)
are the absolute values of the harges of the up and down quarks in units of the eletron harge.
A short omputation gives
〈P2|T
(
Jγν (x/2)J
Z0
µ (−x/2)
)
|P1〉 =
〈P2|ψu(x/2)guγνS(x)γµ(gZuV + gZuAγ5)ψu(−x/2)−
3
ψd(x/2)gdγνS(x)γµ(g
Z
dV + g
Z
dAγ
5)ψd(−x/2) +
ψu(x/2)γµ(g
Z
uV + g
Z
uAγ
5)S(−x)guγνψu(x/2)−
ψd(x/2)γµ(g
Z
dV + g
Z
dAγ
5)S(−x)gdγνψd(x/2)|P1〉,
(11)
〈P2|T
(
Jγν (x/2)J
W+
µ (−x/2)
)
|P1〉 =
〈P2|ψu(−x/2)γµ(1− γ5)UudS(−x)γν (−gd)ψd(x/2) +
ψu(x/2)γν (gu)S(x)γµ(1− γ5)Uudψd(−x/2)|P1〉,
(12)
〈P2|T
(
Jγν (x/2)J
W−
µ (−x/2)
)
|P1〉 =
〈P2| − ψd(x/2)gdγνS(x)γµ(1− γ5)Uduψu(−x/2) +
ψd(−x/2)γµ(1− γ5)S(−x)Uduψu(x/2)|P1〉 , (13)
where all the fators g/2
√
2 and g/2 cos θW , for sempliity, have been suppressed and we have
dened
Su(x) = Sd(x) ≈ i/x
2π2(x2 − iǫ)2 . (14)
Using the following identities
γµγαγν = Sµανβγ
β + iǫµανβγ
5γβ ,
γµγαγνγ
5 = Sµανβγ
βγ5 − iǫµανβγβ ,
Sµανβ = (gµαgνβ + gναgµβ − gµνgαβ) , (15)
we rewrite the orrelators as
TZ0µν = i
∫
d4x
eiqxxα
2π2(x2 − iǫ)2 〈P2|
[
guguV
(
SµανβO
β
u − iǫµανβO5βu
)
− guguA
(
SµανβO˜
5β
u − iǫµανβO˜βu
)
−gdgdV
(
SµανβO
β
d − iǫµανβO5βd
)
+ gdgdA
(
SµανβO˜
5β
d − iǫµανβO˜βd
)]
|P1〉,
(16)
TW
+
µν = i
∫
d4x
eiqxxαUud
2π2(x2 − iǫ)2 〈P2|
[
iSµανβ
(
O˜βud +O
5β
ud
)
+ ǫµανβ
(
Oβud + O˜
5β
ud
)]
|P1〉,
(17)
TW
−
µν = i
∫
d4x
eiqxxαUdu
2π2(x2 − iǫ)2 〈P2|
[
−iSµανβ
(
O˜βdu +O
5β
du
)
− ǫµανβ
(
Oβdu + O˜
5β
du
)]
|P1〉 .
(18)
We have suppressed the x-dependene of the operators in the former equations. The relevant
operators are denoted by
O˜βa (x/2,−x/2) = ψa(x/2)γβψa(−x/2) + ψa(−x/2)γβψa(x/2),
O˜5βa (x/2,−x/2) = ψa(x/2)γ5γβψa(−x/2)− ψa(−x/2)γ5γβψa(x/2),
Oβa (x/2,−x/2) = ψa(x/2)γβψa(−x/2)− ψa(−x/2)γβψa(x/2),
O5βa (x/2,−x/2) = ψa(x/2)γ5γβψa(−x/2) + ψa(−x/2)γ5γβψa(x/2),
(19)
O˜βud(x/2,−x/2) = guψu(x/2)γβψd(−x/2) + gdψu(−x/2)γβψd(x/2),
O˜5βud(x/2,−x/2) = guψu(x/2)γ5γβψd(−x/2)− gdψu(−x/2)γ5γβψd(x/2),
4
Oβud(x/2,−x/2) = guψu(x/2)γβψd(−x/2)− gdψu(−x/2)γβψd(x/2),
O5βud(x/2,−x/2) = guψu(x/2)γ5γβψd(−x/2) + gdψu(−x/2)γ5γβψd(x/2),
(20)
and similar ones with u↔ d interhanged.
We use isospin symmetry to relate avour nondiagonal operators (Oˆff ′) to avour diagonal
ones (Oˆff)
〈p|Oˆud(x)|n〉 = 〈p|Oˆud(x)τ−|n〉 = 〈p|
[
Oˆud(x), τ−
]
|n〉 = 〈p|Oˆuu(x)|p〉 − 〈p|Oˆdd(x)|p〉 ,
〈p|Oˆud(x)|n〉 = 〈n|Oˆdd(x)|n〉 − 〈n|Oˆuu(x)|n〉 ,
〈n|Oˆdu(x)|p〉 = 〈p|Oˆuu(x)|p〉 − 〈p|Oˆdd(x)|p〉 ,
〈n|Oˆdu(x)|p〉 = 〈n|Oˆdd(x)|n〉 − 〈n|Oˆuu(x)|n〉, (21)
where
τ± = τx ± τ y (22)
are isospin raising/lowering operators expressed in terms of Pauli matries.
5 Parameterization of nonforward matrix elements
The extration of the leading twist ontribution to the handbag diagram is performed using the
geometrial twist expansion, as developed in [10, 12, 13℄, adapted to our ase. We set the twist-2
expansions on the light one (with x2 = 0) and we hoose the light-one gauge to remove the
gauge link
〈P2|ψa(−kx)γµψa(kx)|P1〉tw.2 =∫
Dze−ik(x·Pz)F a(ν)(z1, z2, Pi · Pjx2, Pi · Pj)U(P2) [γµ − ikPzµx/ ]U(P1) +
∫
Dze−ik(x·Pz)Ga(ν)(z1, z2, Pi · Pjx2, Pi · Pj)U(P2)

(iσµα∆α)
M
− ikPzµ
(
iσαβxα∆β
)
M

U(P1) ,
(23)
with 0 < k < 1 a salar parameter, with
Pz = P1z1 + P2z2, (24)
and
〈P2|ψa(−kx)γ5γµψa(kx)|P1〉tw.2 =∫
Dze−ik(x·Pz)F 5a(ν)(z1, z2, Pi · Pjx2, Pi · Pj)U(P2)
[
γ5γµ − ikPzµγ5x/
]
U(P1) +
∫
Dze−ik(x·Pz)G5a(ν)(z1, z2, Pi · Pjx2, Pi · Pj)U(P2)γ5

(iσµα∆α)
M
− ikPzµ
(
iσαβxα∆β
)
M

U(P1).
(25)
The index (ν) in the expressions of the distribution funtions F,G has been introdued in order
to distinguish them from the parameterization given in [10, 16℄, whih are related to linear ombi-
nations of eletromagneti orrelators. In the expressions above a is a avour index and we have
5
introdued both a vetor (Dira) and a Pauli-type form fator ontribution with nuleon wave
funtions (U(P)). The produt Pi · Pj denotes all the possible produts of the two momenta P1
and P2, and the measure of integration is dened by [10℄
Dz =
1
2
dz1dz2 θ(1− z1) θ(1 + z1) θ(1− z2) θ(1 + z2). (26)
In our parameterization of the orrelators we are omitting the so alled trae-terms (see
ref. [16℄), sine these terms vanish on shell. In order to arrive at a partoni interpretation one
introdues variables z+ and z− onjugated to 2P¯ and ∆ and dened as
z+ = 1/2(z1 + z2),
z− = 1/2(z2 − z1),
Dz = dz+dz−θ(1 + z+ + z−)θ(1 + z+ − z−)θ(1− z+ + z−)θ(1− z+ − z−). (27)
In terms of these new variables Pz = 2P¯ z+ +∆z−, whih will be used below.
At this stage, we an proeed to alulate the hadroni tensor by performing the x-spae
integrations. This will be illustrated in the ase of the W+ urrent, the others being similar. We
dene
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|SµανβO˜
aβ|P1〉 = S˜aµν ,
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|SµανβO
5aβ|P1〉 = S5aµν ,
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|ǫµανβO
aβ|P1〉 = εaµν ,
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|ǫµανβO˜
5aβ|P1〉 = ε˜5aµν , (28)
and introdue the variables
Qα1 (z) = q
α +
1
2
P αz ,
Qα2 (z) = q
α − 1
2
P αz , (29)
where (z) is now meant to denote both variables (z+, z−). The presene of a new variable Q2,
ompared to [10℄, is related to the fat that we are parameterizing eah single bilinear ovariant
rather then linear ombinations of them, as in the eletromagneti ase.
After some re-arrangements we get
S˜aµν = gu
∫
Dz
F a(ν)(z)
(Q21 + iǫ)
{
[−gµνq/ + qνγµ + qµγν ] +
[
Pzµγν + Pzνγµ
]
− q/
(Q21 + iǫ)
[
PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
+
gd
∫
Dz
F a(ν)(z)
(Q22 + iǫ)
{
[−gµνq/ + qνγµ + qµγν ]−
[
Pzµγν + Pzνγµ
]
+
q/
(Q22 + iǫ)
[
−PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
+
gu
∫
Dz
Ga(ν)(z)
(Q21 + iǫ)
{[
−gµν iσ
αβqα∆β
M
+ qν
iσµβ∆β
M
+ qµ
iσνβ∆β
M
]
+
[
Pzµ
iσνβ∆β
M
+ Pzν
iσµβ∆β
M
]
6
− iσ
αβqα∆β
M(Q21 + iǫ)
[
PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
+
gd
∫
Dz
Ga(ν)(z)
(Q22 + iǫ)
{[
−gµν iσ
αβqα∆β
M
+ qν
iσµβ∆β
M
+ qµ
iσνβ∆β
M
]
−
[
Pzµ
iσνβ∆β
M
+ Pzν
iσµβ∆β
M
]
+
iσαβqα∆β
M(Q22 + iǫ)
[
−PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
,
(30)
with an analogous expressions for S5aµν , that we omit, sine it an be reovered by performing the
substitutions
γµ → γ5γµ σµν → γ5σµν ,
F a(ν), Ga(ν) → F 5a(ν), G5a(ν) (31)
in (30).
Similarly, for εaµν we get
εaµν = gu
∫
DzF a(ν)(z)
{
1
(Q21 + iǫ)
ǫµανβ
[
qαγβ − P
β
z q
αq/
(Q21 + iǫ)
]}
−
gd
∫
DzF a(ν)(z)
{
1
(Q22 + iǫ)
ǫµανβ
[
qαγβ +
P βz q
αq/
(Q22 + iǫ)
]}
+
gu
∫
DzGa(ν)(z)
{
1
(Q21 + iǫ)
ǫµανβ
[
qα
iσβδ∆δ
M
− P
β
z q
α(iσλδqλ∆δ)
M (Q21 + iǫ)
]}
−
gd
∫
DzGa(ν)(z)
{
1
(Q22 + iǫ)
ǫµανβ
[
qα
iσβδ∆δ
M
+
P βz q
α(iσλδqλ∆δ)
M (Q22 + iǫ)
]}
. (32)
The expression of ε˜5aµν an be obtained in a similar way.
To ompute the TZ0µν tensor we need to inlude the following operators, whih are related to
the previous ones by gu , gd → 1
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|SµανβO
aβ|P1〉 = Saµν ,
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|SµανβO˜
5aβ|P1〉 = S˜5aµν ,
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|ǫµανβO˜
aβ|P1〉 = ε˜aµν ,
∫
dx4
eiqxxα
2π2 (x2 − iǫ)2 〈P2|ǫµανβO
5aβ|P1〉 = ε5aµν . (33)
In this ase a simple manipulation of (30) gives
Saµν =
∫
Dz
F a(ν)(z)
(Q21 + iǫ)
{
[−gµνq/ + qνγµ + qµγν ] +
[
Pzµγν + Pzνγµ
]
− q/
(Q21 + iǫ)
[
PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
−
∫
Dz
F a(ν)(z)
(Q22 + iǫ)
{
[−gµνq/ + qνγµ + qµγν ]−
[
Pzµγν + Pzνγµ
]
7
+
q/
(Q22 + iǫ)
[
−PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
+
∫
Dz
Ga(ν)(z)
(Q21 + iǫ)
{[
−gµν iσ
αβqα∆β
M
+ qν
iσµβ∆β
M
+ qµ
iσνβ∆β
M
]
+
[
Pzµ
iσνβ∆β
M
+ Pzν
iσµβ∆β
M
]
− iσ
αβqα∆β
M(Q21 + iǫ)
[
PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
−
∫
Dz
Ga(ν)(z)
(Q22 + iǫ)
{[
−gµν iσ
αβqα∆β
M
+ qν
iσµβ∆β
M
+ qµ
iσνβ∆β
M
]
−
[
Pzµ
iσνβ∆β
M
+ Pzν
iσµβ∆β
M
]
+
iσαβqα∆β
M(Q22 + iǫ)
[
−PzµPzν + Pzµqν + Pzνqµ − gµν(Pz · q)
]}
.
(34)
The expression of S˜5aµν is obtained from (34) by the replaements (31).
For the ε˜aµν ase, a re-arrangement of (32) gives
ε˜aµν =
∫
DzF a(ν)(z)
{
1
(Q21 + iǫ)
ǫµανβ
[
qαγβ − P
β
z q
αq/
(Q21 + iǫ)
]}
+
∫
DzF a(ν)(z)
{
1
(Q22 + iǫ)
ǫµανβ
[
qαγβ +
P βz q
αq/
(Q22 + iǫ)
]}
+
∫
DzGa(ν)(z)
{
1
(Q21 + iǫ)
ǫµανβ
[
qα
iσβδ∆δ
M
− P
β
z q
α(iσλδqλ∆δ)
M (Q21 + iǫ)
]}
+
∫
DzGa(ν)(z)
{
1
(Q22 + iǫ)
ǫµανβ
[
qα
iσβδ∆δ
M
+
P βz q
α(iσλδqλ∆δ)
M (Q22 + iǫ)
]}
. (35)
Also in this ase, the expression of the ε5aµν tensor is obtained by the replaements (31).
6 The partoni interpretation
At a rst sight, the funtions F (ν), G(ν), F 5(ν), G5(ν) do not have a simple partoni interpretation.
To progress in this diretion it is useful to perform the expansions of the propagators
1
Q21 + iǫ
≈ 1
2(P¯ · q)
1
[z+ − ξ + ηz− + iǫ] ,
1
Q22 + iǫ
≈ − 1
2(P¯ · q)
1
[z+ + ξ + ηz− − iǫ] (36)
whih are valid only in the asymptoti limit. In this limit only the large kinematial invariants
and their (nite) ratios are kept. In this expansion the physial saling variable ξ appears quite
naturally and one is led to introdue a new linear ombination
t = z+ + ηz− , (37)
to obtain
1
Q21 + iǫ
≈ 1
2(P¯ · q)
1
[t− ξ + iǫ] ,
1
Q22 + iǫ
≈ − 1
2(P¯ · q)
1
[t+ ξ − iǫ] . (38)
Analogously, we rewrite Pz using the variables {t, z−}
Pz = 2P¯ t+ πz− , (39)
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in terms of a new 4-vetor, denoted by π, whih is a diret measure of the exhange of transverse
momentum with respet to P¯
π = ∆+ 2ξP¯ . (40)
This quantity is stritly related to ∆⊥, as given in (4). The dominant (large) omponents of
the proess are related to the ollinear ontributions, and in our alulation the ontributions
proportional to the vetor π will be negleted. This, of ourse, introdues a violation of the
transversality of the proess of O(∆⊥/2P¯ · q).
Adopting the new variables {t, z−} and the onjugate ones
{
P¯ , π
}
, the relevant integrals that
we need to redue to a single (partoni) variable are ontained in the expressions
HQ1(ξ) =
∫
dz+dz−
H(z+, z−)
(Q21 + iǫ)
=
1
2P¯ · q
∫
Dz
H(t+ ξz−, z−)
(t− ξ + iǫ)
HµQ1(ξ) =
∫
dz+dz−
H(z+, z−)
(Q21 + iǫ)
[
2P¯ µz+ +∆
µz−
]
=
1
2P¯ · q
∫
Dz
H(t+ ξz−, z−)
(t− ξ + iǫ)
[
2P¯ µt+ πµz−
]
HµνQ1(ξ) =
∫
dz+dz−
H(z+, z−)
(Q21 + iǫ)
2
[P µz P
ν
z + q
µP νz + q
νP µz − gµνq · Pz]
=
1
(2P¯ · q)2
∫
Dz
H(t+ ξz−, z−)
(t− ξ + iǫ)2
[
4P¯ µP¯ νt2 +
(
2qµP¯ ν + 2qνP¯ µ
)
t− gµν(q · Pz)
+πµπνz2
−
+ (qµπν + qνπµ) z− +
(
2P¯ µπν + 2P¯ νπµ
)
tz−
]
.
(41)
Here H(z+, z−) is a generi symbol for any of the funtions. We have similar expressions for the
integrals depending on the momenta Q2.
The integration over the z− variable in the integrals shown above is performed by introduing
a suitable spetral representation of the funtion H(t,+ξz−, z−). As shown in [10℄, we an lassify
these representations by the n = 0, 1, ..., powers of the variable z− ,
hˆn(t/τ, ξ) =
∫
dz−z−
nhˆ(
t
τ
+ ξz−, z−). (42)
With the help of this relation one obtains
Hˆn(t, ξ) =
1
tn
∫
dz−z−
nH(t+ ξz−, z−) =
1
tn
∫ 1
0
dτ
τ
τn hˆn(t/τ, ξ)
=
∫ sign(t)
t
dλ
λ
λ−nhˆn(λ, ξ) . (43)
The result of this manipulation is to generate single-valued distribution amplitudes from double-
valued ones. In the single-valued distributions hˆn(t, ξ) the new saling variables t and ξ have a
partoni interpretation. ξ measures the asymmetry between the momenta of the initial and nal
states, while it an be heked that the support of the variable t is the interval [−1, 1]. The twist-2
part of the Compton amplitude is related only to the n = 0 moment of z−. Before performing the
z− integration in eah integral of Eq. (41) using Eq. (43) - a typial example is H
µν
Q1
(ξ) - we redue
suh integrals to the sum of two terms using the identity
∫ 1
−1
dt
tm
(t± ξ ∓ iǫ)2 Hˆn(t, ξ) =
∫ 1
−1
dt
tm−1
(t± ξ ∓ iǫ)
[
Hˆn(t, ξ)− 1
tn
hˆn(t, ξ)
]
. (44)
As shown in [16℄, after the z− integration, the integrals in (41) an be re-written in the form
HQ1(ξ) =
1
2P¯ · q
∫ 1
−1
dt
Hˆ0(t, ξ)
(t− ξ + iǫ) ,
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HµQ1(ξ) =
2P¯ µ
2P¯ · q
∫ 1
−1
dt
tHˆ0(t, ξ)
(t− ξ + iǫ) +O(π
µ),
HµνQ1(ξ) =
1
(2P¯ · q)2
∫ 1
−1
dt
[
2Hˆ0(t, ξ)− hˆ0(t, ξ)
]
(t− ξ + iǫ) 4P¯
µP¯ νt
+
1
(2P¯ · q)2
∫ 1
−1
dt
[
Hˆ0(t, ξ)− hˆ0(t, ξ)
]
(t− ξ + iǫ)
{
(2qµP¯ ν + 2qνP¯ µ − gµν2q · P¯ )
}
+O(πµπν),
(45)
where, again, we are negleting ontributions from the terms proportional to πµ, subleading in
the deeply virtual limit. The quantities that atually have a strit partoni interpretation are the
hˆa0(t, ξ) funtions, as argued in ref. [19℄. The identiation of the leading twist ontributions is
performed exatly as in [10℄. We use a suitable form of the polarization vetors (for the gauge
bosons) to generate the heliity omponents of the amplitudes and perform the asymptoti (DVCS)
limit in order to identify the leading terms. Terms of O(1/
√
2P¯ · q) are suppressed and are not
kept into aount. Below we will show only the tensor strutures whih survive after this limit.
7 Organizing the Compton amplitudes
In order to give a more ompat expression for the amplitudes of our proesses we dene
gTµν = −gµν + q
µP¯ ν
(q · P¯ ) +
qνP¯ µ
(q · P¯ ) ,
α(t) =
gu
(t− ξ + iǫ) −
gd
(t+ ξ − iǫ) ,
β(t) =
gu
(t− ξ + iǫ) +
gd
(t+ ξ − iǫ) .
(46)
Calulating all the integrals in the Eqs. (30), (34) and (32), (35), we rewrite the expressions of
the amplitudes as follows
TW
+
µν = iUudU(P2)
[
i
(
S˜uµν + S
5u
µν
)
+ εuµν + ε˜
5u
µν − i
(
S˜dµν + S
5d
µν
)
− εdµν − ε˜5dµν
]
U(P1) ,
TW
−
µν = −iUduU(P2)
[
i
(
S˜uµν + S
5u
µν
)
+ εuµν + ε˜
5u
µν − i
(
S˜dµν + S
5d
µν
)
− εdµν − ε˜5dµν
]
gu→gd
U(P1) ,
TZ0µν = i U(P2)
[
guguV
(
Suµν − iε5uµν
)
− guguA
(
S˜5uµν − iε˜uµν
)
−gdgdV
(
Sdµν − iε5dµν
)
+ gdgdA
(
S˜5dµν − iε˜dµν
)]
U(P1) , (47)
where, suppressing all the subleading terms in the tensor strutures, we get
U(P2)S˜
aµνU(P1) =
∫ 1
−1
dt α(t)
gTµν
2P¯ · q
[
U(P2)q/ U(P1)fˆ
a
0 (t, ξ) + U(P2)(i
σαβqα∆β
M
)U(P1)gˆ
a
0(t, ξ)
]
+
∫ 1
−1
dt β(t)
P¯ µP¯ ν
(P¯ · q)2
[
U(P2)q/ U(P1)tfˆ
a
0 (t, ξ) + U(P2)(i
σαβqα∆β
M
)U(P1)tgˆ
a
0(t, ξ)
]
(48)
while for the εaµν expression we obtain
U(P2)ε
aµνU(P1) = ǫ
µανβ 2qαP¯β
(2P¯ · q)2
∫ 1
−1
dt β(t)
[
U(P2)q/ U(P1)fˆ
a
0 (t, ξ) +
U(P2)(i
σαβqα∆β
M
)U(P1)gˆ
a
0(t, ξ)
]
. (49)
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Passing to the Saµν and ε˜aµν tensors, whih appear in the Z0 neutral urrent exhange, we get the
following formulas
U(P2)S
aµνU(P1) =
∫ 1
−1
dt
(
1
t− ξ + iǫ +
1
t+ ξ − iǫ
)
×
{
gTµν
2P¯ · q
[
U(P2)q/ U(P1)fˆ
a
0 (t, ξ) + U(P2)(i
σαβqα∆β
M
)U(P1)gˆ
a
0(t, ξ)
]}
+
∫ 1
−1
dt
(
1
t− ξ + iǫ −
1
t+ ξ − iǫ
)
· P¯
µP¯ ν
(P¯ · q)2
[
U(P2)q/ U(P1)tfˆ
a
0 (t, ξ) + U(P2)(i
σαβqα∆β
M
)U(P1)tgˆ
a
0(t, ξ)
]
(50)
U(P2)ε˜
aµνU(P1) =
∫ 1
−1
dt
(
1
t− ξ + iǫ −
1
t+ ξ − iǫ
)
ǫµανβ
2qαP¯β
(2P¯ · q)2 ×{[
U(P2)q/ U(P1)fˆ
a
0 (t, ξ) + U(P2)(i
σαβqα∆β
M
)U(P1)gˆ
a
0(t, ξ)
]}
.
(51)
Obviously the S˜a 5µν , Sa 5µν , ε˜a 5µν and εa5µν expressions are obtained by the substitution (31).
At this stage, to square the amplitude, we need to alulate the following quantity, separately
for the two harged proesses
T 2 = |TDV NS|2 + TDV NST ∗BH + TBHT ∗DV NS + |TBH |2 , (52)
whih simplies in the neutral ase, sine it redues |TDV NS|2 [8℄. Eqs. (47)-(51) and their axial
ounterparts are our nal result and provide a desription of the deeply virtual amplitude in
the eletroweak setor for harged and neutral urrents. The result an be expressed in terms
of a small set of parton distribution funtions whih an be easily related to generalized parton
distributions, as in standard DVCS.
8 Conlusions
We have presented an appliation/extension of a method, whih has been formulated in the past
for the identiation of the leading twist ontributions to the parton amplitude in the generalized
Bjorken region, to the eletroweak ase. We have onsidered the speial ase of a deeply virtual
kinematis. We have foused our attention on proesses initiated by neutrinos. From the the-
oretial and experimental viewpoints the study of these proesses is of interest, sine very little
is known of the neutrino interation at intermediate energy in these more omplex kinematial
domains.
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